Morphology, molecular weight, polydispersity, functionality, and thermal properties are important characteristics when using polyglycerol as a building block in the development of materials for industrial applications such as hydrogels, surfactants, asphalts additives, cosmetics, pharmaceutical, biomedical, and drug delivery systems. In this study several experimental techniques are used to understand the effect of process variables during synthesis in the catalyzed etherification of glycerol, a coproduct of biodiesel industry. Biobased polyglycerol is a high-valued product, which is useful as building block material because of its remarkable features, for instance, multiple hydrophilic groups, excellent biocompatibility, and highly flexible aliphatic polyether backbone. A connection between polyglycerol characteristics and process variables during synthesis allows the control of glycerol polymerization through reaction conditions. We show that temperature and catalyst concentration can be tuned with the aim of tailoring fundamental polyglycerol parameters including molecular weight, polydispersity, morphology, and functionality.
Introduction
Polyglycerol obtained from direct catalytic etherification of glycerol is a biobased polymer used as a building block for several applications, such as hydrogels [1] [2] [3] , emulsifiers [4, 5] , catalyst supports [6] , and biomedical applications [7] [8] [9] . Industrial and academic interest on glycerol as a raw material for polyglycerol synthesis are based on environmental and economic aspects. This is because a biobased monomer is used for sustainable polymer production; and producing a value-added product from a coproduct from the biodiesel industry contributes to the transformation of this industry into a biorefinery [10] . Synthesis of polyglycerol is currently gaining importance due to its remarkable features including flexible polyether backbone, biocompatibility, and high number of hydrophilic functional groups, which increases polyglycerol versatility and enables the production of complex polymeric structures. Properties of polyglycerolbased materials are highly influenced by polyglycerol morphology, functionality, molecular weight, polydispersity, and thermal properties [11] . Control of glycerol polymerization to selectively produce desired polyglycerol materials with specific characteristics is a scientific challenge that might be addressed by tuning synthesis conditions. Polyglycerols can be produced from various raw materials and polymerization methods; for instance, glycidol and glycerol carbonate react via one-step anionic ring-opening polymerization [12, 13] , and glycerol reacts via step-growth polymerization [14] . Several studies have reported the catalytic oligomerisation of glycerol using homogeneous and heterogeneous acid and base-catalyzed etherification [15, 16] . Most of the reaction products from these catalytic studies are low molecular weight oligomers. An exception is the reaction with sulfuric acid homogeneous catalyst which yields relatively high molecular weight polyglycerols [14] . A previous study on the morphology of glycerol etherification derivatives conducted with 13 C NMR reported carbon assignments for linear, branched, and cyclic structures [17] . Results of polyglycerol 13 C NMR spectroscopy showed that homogeneous acid-catalyzed polymerization of glycerol at high temperatures favors the occurrence of branched structures [14] . To our knowledge, there are no previous reports on the effect of catalyst concentration on polyglycerol morphology produced from glycerol or on the combined effect of temperature and catalyst concentration on polyglycerol properties.
In this work, polyglycerol is obtained from glycerol by a step-growth polymerization reaction using sulfuric acid as catalyst. The effect of tuning temperature and catalyst concentration during synthesis conditions on the parameters that affect polyglycerol morphology, hydroxyl number, molecular weight, polydispersity, functionality, and thermal properties were studied. Our goal is to provide guidelines for the polyglycerol synthesis from glycerol yielding specific product characteristics by varying temperature and catalyst concentration during synthesis. The experimental strategy performed in this study was based on a combinatorial experiment with temperature and catalyst concentration of synthesis as factors. This approach allows considering possible interactions between factors. The techniques used include matrix-assisted laser desorption and ionization time-of-flight spectrometry (MALDI-TOF), nuclear magnetic resonance spectroscopy (NMR), and differential scanning calorimetry analysis (DSC). This paper is organized as follows: first, materials, reaction procedure, and polymer characterization techniques are described; second, results of infrared spectroscopic analysis (FT-IR) of synthesized polyglycerol from glycerol are discussed; and third, the analysis of results is presented. Finally, conclusions of the main findings are reported.
Experimental
2.1. Materials. Materials used for the synthesis were obtained from different vendors: glycerol (85%), sulfuric acid (95%), phenolphthalein indicator, and sodium hydroxide (99%) were purchased from Merck; acetic anhydride was obtained from Carlo Erba and pyridine (9.5%) from Mallinckrodt.
Reaction Procedure.
Polymerization reactions were carried out in 50 mL closed glass reactor in an inert environment (nitrogen atmosphere). Water was continuously removed from the reaction mixture with a vacuum pump. Glycerol (20 mL) polymerization reaction temperature was varied from 130 ∘ C to 170 ∘ C with a heating bath control. Catalyst concentration was modified from 1.5% (w/w) to 5.2% (w/w). All the reactions were carried out at 24 inches of Hg. Polymerization products were neutralized with a NaOH 0.1 N solution and dried at 80 ∘ C for 24 h without further purification process.
Polymer Characterization.
Polymerization reaction products were analyzed using Fourier transform infrared spectroscopy (FTIR) to identify functional groups. Infrared spectra were obtained in transmittance mode in a Thermo Scientific Spectrometer (Nicolet 1550 FT-IR).
Hydroxyl numbers were calculated following the ASTM D 4274-11 method. Polymer samples were acetylated with an acetic anhydride-pyridine solution. The unreacted acetylation reagent was hydrolyzed with water and the acetic acid titrated with 0.5 N sodium hydroxide solution. The hydroxyl content was calculated from the difference in titration between the acetic anhydride-pyridine solution used as a blank and sample solutions.
Molecular weight distributions of different reaction products were obtained using MALDI-TOF-MS measurements performed with a Bruker Reflex mass spectrometer, equipped with a nitrogen laser delivering 3 ns laser pulses at 337 nm. Recrystallized -cyano-4-hydroxycinnamic acid (10 mg/mL) in 30 : 70% (v/v) acetonitrile/water containing 0.1% (v/v) trifluoroacetic acid (TFA) was used as the matrix. Sodium chloride solution was used as cationization agent. Polymer samples were dissolved in water to a final concentration of 10 g/mL. An aliquot of the matrix (0.8 L) was applied to a multistage target until solvent evaporation; subsequently, 0.1 L of cationization agent and 0.2 L of sample were added.
Polymer morphology analyses were performed using 13 C NMR quantitative spectra taken on a Bruker Ultrashield 400 MHz (Avance III, 400). The Distortionless Enhancement by Polarization Transfer (DEPT) technique was used to determine peaks multiplicity. Samples were prepared by dissolving the polymer in deuterated water to a final concentration of 250 g/L.
Glass transition temperatures were obtained using Differential Scanning Calorimetry (DSC) measurements carried out on a DSC Discovery, TA Instruments, Inc. (USA). Samples were subjected to two heating scans with the following temperature program: first heating scan from −80 to 200 ∘ C at a heating rate of 5 ∘ C/min, subsequently, cooling to −90 ∘ C at a heating rate of 10 ∘ C/min, and finally, a second heating scan from −90 ∘ C to 400 ∘ C at a heating rate of 5 ∘ C/min. All scans were performed under nitrogen purge gas of 50 mL/min.
Results and Discussion
The analysis of results was statistically supported using a combinatorial experimental design with temperature and catalyst concentration as factors. Each factor was evaluated at three different levels, that is, temperatures of 130 ∘ C, 150 ∘ C, and 170 ∘ C and catalyst concentrations of 1.5% (w/w), 3.35% (w/w), and 5.2% (w/w). The response variables to analyze were polyglycerol hydroxyl number, molecular weight, and polydispersity. To determine polyglycerol morphology and thermal properties, a second experimental design was performed. This time the factors were evaluated at two different levels of temperature, 130 ∘ C and 150 ∘ C, and catalyst concentrations, 1.5% (w/w) and 5.2% (w/w). Experimental test sequences were randomized and three replicates per level were taken.
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Catalyst : Fourier transform infrared spectroscopy (FT-IR) analyses were conducted for all reaction products obtained from the experimental design. Results show that functional groups present in the reaction polymerization products are the same as polyglycerol functional groups identified in previous research studies [14] . For instance, OH stretching bands at 3000 cm −1 to 3600 cm −1 are related to polyglycerol terminal hydroxyl groups, broad alkyl stretching bands (C-H) are observed at 2883 and 2947 cm −1 , and bands ranged from 950 to 1150 cm −1 (C-O stretching) are related to polyglycerol polyether chains. FT-IR spectra of two samples at different reaction conditions are shown in Figure 1 . Those samples correspond to the products of glycerol polymerization performed at 130 ∘ C and 170 ∘ C at a catalyst concentration of 1.5% (w/w) and 5.2% (w/w), respectively.
Polyglycerol Hydroxyl Number.
Results from combinatorial experiments with hydroxyl number as response variable are shown in Table 1 . It is shown that hydroxyl numbers of reaction products are lower than the initial hydroxyl number of glycerol, which is 1800 [mg KOH/g] [18] . This result is expected since homogeneous acid-catalyzed stepgrowth polymerization of glycerol proceeds by splitting a water molecule for each ether linkage formed decreasing the number of hydroxyls in the reaction product [14] .
The experimental results show that polyglycerol functionality can be tuned with the reaction conditions because temperature ( value < 0.0001), catalyst concentration ( value: 0.0007), and the interaction between these two factors ( value: 0.0031) have a significant effect on polyglycerol hydroxyl number. Temperature is the factor with the greatest effect followed by catalyst concentration and the interaction between factors, respectively; see Figure 2 .
At fixed catalyst concentration of 1.5% (w/w) and 5.2% (w/w), the polyglycerol hydroxyl number decreases as temperature increases. For instance, at catalyst concentration of 5.2% (w/w), polyglycerol hydroxyl numbers at 130 ∘ C, 150 ∘ C, and 170 ∘ C were 566.1 ± 12.4, 390.1 ± 13.3, and 370.6 ± 20.7 mg KOH/g, respectively. A different trend was found at fixed catalyst concentration of 3.35% (w/w) where polyglycerol has the higher hydroxyl number at 150 ∘ C with 506.0 ± 23 mg KOH/g followed by 130
∘ C and 170 ∘ C with hydroxyl numbers of 441.2 ± 4.2 and 318.1 ± 29.5 mg KOH/g, respectively.
At fixed reaction temperatures of 130 ∘ C and 170 ∘ C, polyglycerol has the lower hydroxyl number using a catalyst concentration of 3.35% (w/w) with 441.2 ± 4.2 and 318.1 ± 29.5 mg KOH/g, respectively, followed by catalyst concentration of 1.5% (w/w) and 5.2% (w/w) with hydroxyl numbers at 130 ∘ C of 610.4±20.5 and 566.1±12.4 mg KOH/g and hydroxyl numbers at 170 ∘ C of 413.1 ± 23.8 and 370.6 ± 20.7 mg KOH/g, respectively. On the other hand, at fixed reaction temperature of 150 ∘ C, as catalyst concentration increases, polyglycerol hydroxyl number decreases with hydroxyl numbers of 525.8± 28.4, 506 ± 23, and 390.1 ± 13.3 mg KOH/g using catalyst concentrations of 1.5% (w/w), 3.35% (w/w), and 5.2% (w/w), respectively. Results show that catalyst concentration fails to produce the same trend effect on polyglycerol hydroxyl number at different levels of temperature since these two factors interact.
The decrease of hydroxyl number in the reaction products with respect to initial hydroxyl number of glycerol is due to chemical reactions that involve hydroxyl group reactions, such as etherification reactions and cyclization [14, 17] . The results showed that temperature and catalyst concentration impact conversion of these reactions. Higher temperature or catalyst concentration increases reaction conversion resulting in a decrease of hydroxyl groups in reaction products. Results also showed that temperature and catalyst concentration are factors that interact; as a result, the impact of temperature on hydroxyl number varies depending on catalyst concentration.
Molecular Weight Distribution of Synthesized Polyglycerol.
Temperature and catalyst concentrations do not have a significant effect on polyglycerol molecular weight and polydispersity. The number and weight average molecular weights, as well as the polydispersity of each treatment established by the combinatorial design, are shown in Table 2 . Average values of molecular weights distributions (Mw and Mn), and polydispersity for all treatments were 2917.8 Da, 2985.3 Da, and 1.023, respectively. Calculated molecular weights (Mw) are in agreement with previously reported number average Mw of polyglycerol synthetized at 140 ∘ C and pressures below 26 kPa [14] , which is consistent with our findings regarding the fact that the number average Mw is not significantly affected by temperature and catalyst concentration. Figure 3 shows the MALDI-TOF mass spectra analysis of treatments with temperatures of 130 ∘ C and 170 ∘ C and catalyst concentrations of 1.5% (w/w) and 5.2% (w/w), respectively.
The fact that higher temperature and catalyst concentration decrease hydroxyl number of reaction product but do not decrease polyglycerol molecular weight and polydispersity suggests that temperature and catalyst concentration are affecting polyglycerol morphology. As will be shown in the next section, temperature and catalyst concentration affect reaction selectivity of glycerol hydroxyl groups. Higher temperature and catalyst concentration favor reaction of glycerol secondary hydroxyl group forming polyglycerol branched structures. 
Polyglycerol Morphology.
Branched structures, terminal units, and polyether chains within the polyglycerol structure, which ultimately define polyglycerol morphology, were identified in the polyglycerol samples obtained under different synthesis conditions and analyzed using the 13 C NMR spectroscopy technique (Table 3) . Peak analysis between quantitative 13 C NMR and DEPT spectra was made to establish polyglycerol morphology. The 13 C NMR spectra region from 60 to 64 ppm indicates the presence of -CH 2 OH carbons of polyglycerol terminal units, which are primary hydroxyl groups; the signal region from 68 to 73 ppm indicates the presence of -CHOH-carbons, which are pending hydroxyl groups; the region from 72 to 73 ppm indicates -CH 2 -Ocarbons, which are polyether chains; and that from 74 to 82 ppm indicates the presence of -CH-O-carbons related to the beginning of branched chains [12, 17] . Table 4 shows the functional groups found at specific peak intervals at each particular temperature and catalyst concentration. An example of a quantitative 13 C NMR spectrum performed at 130 ∘ C and 1.5% (w/w) catalyst concentration is shown in Figure 4 where the 13 C NMR spectrum regions analyzed are highlighted. The results of polyglycerol morphology were calculated taking the relative area under spectra signals in the spectra region that identify each kind of carbon described in Table 4 .
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Carbon type ( 8000  7000  6000  5000  4000  3000  2000  1000  0  81  80  79  78  77  76  75  74  73  72  71  70  69  68  67  66  65  64  63  62  61  60  59  58 morphology ( value < 0.0001). This result suggests that these factors impact reaction selectivity of hydroxyl groups. The increment of these factors favors secondary hydroxyl group reaction varying polyglycerol morphology. Temperature is the factor with the greatest effect on polyglycerol morphology. At fixed catalyst concentration of 5.2% (w/w), as temperature increases from 130 to 150 ∘ C, polyglycerol terminal units decrease from 50.1 to 14.2%, polyglycerol polyether chains increase from 47.7 to 55.9%, and branching increases from 2.2 to 29.86%, respectively. Same trend is observed at fixed catalyst concentration of 1.5% (w/w); however, the impact of temperature on polyglycerol morphology diminishes at lower catalyst concentration revealing the existence of an interaction between these two factors. At fixed temperature of 130 ∘ C, the increment of catalyst concentration from 1.5 to 5.2% (w/w) has a slight effect on polyglycerol terminal units (from 46.1% to 50.1%), polyether chains (from 51.8% to 47.7%), and branching (from 2% to 2.2%). On the other hand, at fixed temperature of 150 ∘ C, the increment of catalyst concentration has a considerable effect on polyglycerol terminal units (from 30.6% to 14.2%), polyether chains (from 61.1% to 55.9%), and branching (from 8.3% to 29.9%). These changes in the impact of catalyst concentration as a function of temperature are due to interaction between factors. 
Polyglycerol Glass Transition Temperature.
Polyglycerol glass transition temperature marks the change from glassy or energy-elastic state to a rubbery or entropy drivenelastic state. Thus, the knowledge of this polyglycerol thermal property is essential in the selection of this material for various applications. Glass transition temperatures were determined using DSC experimental procedure that was performed in two heating scans. The first scan was performed to reveal information about the current conditions of polyglycerol. For instance, processing influences an effect of attached water to the polar hydroxyl groups on thermal properties [19] . After cooling, a second heating scan was performed to determine particular properties of polyglycerol without the influence of volatile substances and processing.
In the first heating scan, glass transition temperatures were observed at temperatures below −50 ∘ C. As heating progresses, water begins to evaporate at around 30 ∘ C causing an endothermic change in the heating curve. The particular strong bond between water and polyglycerol hydroxyl groups makes the diffusion of water through polyglycerol difficult, resulting in an endothermic change in the heating curve that went up to 200 ∘ C. After cooling, during the second heating scan, glass transition temperatures increased and the endothermic change in the heating curve disappeared.
Statistical analysis suggests that polyglycerol glass transition temperature is significantly affected by catalyst concentration ( value: 0.0002), temperature ( value: 0.0002), and the interaction between these two factors ( value: < 0.0001). The interaction between temperature and catalyst concentration is the factor with the greatest effect. For instance, at fixed catalyst concentration of 1.5% (w/w), an increment in temperature from 130 ∘ C to 150 ∘ C caused the glass transition temperature to decrease from −8. Polyglycerol glass transition temperature depends on both, polymer branching structure and the amount of -OH hydrophilic groups. It has been reported that an increase of polymer branching leads a restriction of segmental mobility which increases glass transition temperature [20] . Similarly, hydrophilic groups in the polymer chemical structure, like -OH, capable of hydrogen bonding affect glass transition temperature [21, 22] . Since catalyst concentration and temperature influence polyglycerol hydroxyl number and branching in an opposite way, when polyglycerol hydroxyl number decreases branching increases, there is a competition in the impact of hydroxyl number and branching on polyglycerol glass transition temperature. For instance, at fixed catalyst concentration of 5.2%, a change of temperature from 130 ∘ C to 150 ∘ C decreases polyglycerol hydroxyl number from 566 mg KOH/g to 390 mg KOH/g but increases polyglycerol branching from 2.2% to 29.9%. In this case, polyglycerol branching has more impact on glass transition temperature since it increases from −18 ∘ C to −8 ∘ C. On the other hand, at fixed temperature of −130 ∘ C, a change of catalyst concentration from 1.5% to 5.2% decreases polyglycerol hydroxyl number from 610 mg KOH/g to 566 mg KOH/g and the change of polyglycerol branching is negligible from 2% to 2.2%. Thus, in this case, the polyglycerol hydroxyl number has more impact on decreasing polyglycerol glass transition temperature from −8.6 ∘ C to −18.6 ∘ C, as shown in Figure 5 .
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Conclusions
New insights have been obtained regarding the effect of synthesis conditions of production of polyglycerol from glycerol on the final polyglycerol morphology, molecular weight, polydispersity, thermal properties, and functionality. Temperature and catalyst concentration of synthesis enable the synthesis of polyglycerol with specific fundamental parameters that determine polyglycerol final applications. The increase of temperature of synthesis decreases polyglycerol -OH terminal units, increases polyglycerol polyether chains and pending hydroxyl groups, increases polyglycerol branching, and decreases polyglycerol hydroxyl number. In general, the impact of temperature of synthesis on morphology and functionality escalates significantly at higher catalyst concentration. Changes in polyglycerol morphology and functionality affect glass transition temperature due to changes in polyglycerol branching degree and hydroxyl number. Furthermore, polyglycerol molecular weight and polydispersity were not significantly affected by variations in temperature and catalyst concentration during the process of synthesis.
